The Moon's optical characteristics in visible and long-wavelength infrared (LWIR) have long been observed with our eyes or with instruments. What the mid-infrared (MIR) Moon looks like is still a mystery. For the first time we present detailed appearance of the MIR Moon observed by a high-resolution geostationary satellite and reveal the essence behind its appearance. The appearance of the MIR Moon is opposite to its normal visible appearance. In addition the MIR Moon shows limb darkening. Both the absolute and the relative brightness distribution of the MIR lunar disk changes with the solar incidence angle. The signatures of the MIR Moon are controlled by both the reflection and emission of the lunar surface. We also show first-ever brightness temperature maps of the lunar disk without needing a mosaic, which better show the temperature variation across the lunar disk. They reveal that the relationship between brightness temperature and solar incidence angle i is cos 1/b i, and the power parameter is smaller than the Lambertian temperature model of cos 1/4 i observed for lunar orbitbased measurements. The slower decrease of the brightness temperature when moving away from the sub-solar point than the Lambertian model is due to topographic effects.
Introduction
The Moon's optical characteristics are its most accessible properties, which have been long studied. Our eyes sense the Moon at wavelengths in the visible spectrum In this paper, we show the MIR Moon's appearance and its variation with lunar phase observed by China's high-resolution geostationary satellite, Gaofen-4 (GF-4), and reveal the essence behind its appearance. The paper is organized as follows: in Section 2, we introduce the observation and data; in Section 3 we present our results, including the appearance of the MIR Moon and the first-ever detailed temperature map of the lunar disk; Section 4 is a discussion of our findings, including the separation of the reflected and emitted radiations, and distribution characteristic of temperature over the lunar disk; Section 5 is our summary. GF-4 imaged the Moon in the MIR with the best spatial resolution achieved to date on the day of China's Lantern Festival (March 2, 2018). Then before and after the day of the century's longest lunar eclipse (July 28, 2018), the second batch of lunar MIR images were taken with phase angles of approximately ±30°, 90° (half Moon), and 0° (full Moon). For each imaging of the Moon we observed in the VNIR (bands 1-5) and the MIR (band 6). The spectral range of band 6 is 3.50-4.10 μm with the lunar effective wavelength of 3.77 μm. This wavelength marks the turning point at which the reflectance of lunar soil starts to decrease: according to laboratory spectra of lunar soils, the wavelength at which lunar soil has the largest reflectance is around 3.8-4.0 μm.
Data
Hence, the GF-4 provides an excellent opportunity to show in detail the combined effects of reflected sunlight and thermal emission of the Moon. Tables 1 and 2 provide details about the instrument performances and the measurement geometry. Appendix A provide details about the calibration and temperature calculation. The brightest location follows the Sun and is not exactly at the sub-solar point but in the nearby mare. The visibility of crater rays also varies with the solar angle. The closer to the sub-solar point they are, the clearer they become. The clearest crater ray system in the VNIR, Tycho, is almost invisible in the MIR because it is far from the equator.
Results

The MIR Moon's appearance and variation with lunar phase
The obvious crater ray systems in the MIR are those at low latitudes, and the two most obvious craters are Copernicus and Kepler. As shown in the MIR images of July 25 and August 4, when the sub-solar point is far from the two craters, the crater rays are invisible. This indicates that in the MIR, the proportion of thermal emission decreases and the proportion of surface reflection increases as one moves away from the sub-solar point. Mare Tranquillitatis has a lower albedo than Mare Serenitatis. Hence, Mare Tranquillitatis is brighter than Mare Serenitatis even for a solar incidence angle i = 45° (MIR image of July 28). Mare Tranquillitatis becomes darker than Mare Serenitatis when the solar incidence angle is i = 60° (MIR image of July 30). This means that for the Moon in the MIR both the absolute brightness distribution and the relative brightness among regions vary with local time within one lunar day, demonstrating the effect of the solar insolation. the highest temperature is almost the same as that of the highest radiance of the Moon in the MIR. This indicates that around noon the thermal emission dominates the lunar brightness in the MIR. The basalts with the lowest albedo have a higher temperature than most highlands, even at a 45° solar incidence angle. This indicates that all three types of lunar disk images (VNIR, MIR, and brightness temperature) are controlled by albedo. Figure 3 shows the histogram of all three types of lunar image. The absolute brightness of Moon in the NIR is much higher than in the MIR. At full Moon the highest brightness in the NIR can be as high as 90 W/m 2 /sr/μm while in the MIR it is less than 9 W/m 2 /sr/μm. The brightness in the NIR depends on the lunar phase while the brightness in the MIR was relatively stable over the three days with the highest brightness <9 W/m 2 /sr/μm. For the brightness temperature, all phases exhibit a negatively skewed distribution and the highest values are also similar. At full Moon the VNIR band exhibits a bimodal distribution which corresponds to the maria and highlands, while the MIR band exhibits an approximately uniform distribution, reflecting the diminished contrast between maria and highlands. The histogram of the -30° phase (waxing phase of July 25) in the VNIR is similar to that of full Moon, while that of 30° phase (waning phase of July 30) is quite different with a positively skewed distribution. This reflects the fact that the lunar western hemisphere has more maria than its eastern hemisphere.
Temperature map of the whole lunar disk
Discussion
Separation of the reflected and emitted radiations
The fundamental vibration bands of some minerals and life-related molecules such as water and organic matter occur at MIR wavelengths, so that the separation of the reflected sunlight from the thermal emission is conducive to the research of these materials. The simultaneous imaging of all six bands allowed for a direct comparison between the Moon in the VNIR and MIR and the separation of the reflection and thermal emission from the Moon in the MIR. Figure 4 shows the contribution of the reflective and emissive lunar radiance. At 3.77 μm for most of the Moon the thermal emission is greater than the reflected solar radiance. The emitted fraction of the maximum temperature area over the three days is 84.7±0.25%. The thermal emission varies considerably from 0 to 8 W/m 2 /sr/μm, whereas the reflected fraction usually varies between 1 and 2 W/m 2 /sr/μm, which causes both types of radiance to be visually unrelated. However, the right side of the scatter plot shows a fan-like shape with a pointed tip on the extreme right: the high-albedo side of the envelope indicates a negative correlation, showing that a larger thermal emitted radiance corresponds to a smaller reflected radiance.
Distribution of temperature over the disk
Since the early 20th century, many efforts have been made to investigate the temperature variation across the lunar disk. Pettit and Nicholson (1930) found that the center-to-limb temperature variation as a function of the local solar incidence angle i was cos 1/6 i rather than the cos 1/4 i variation expected for a Lambertian surface. Based on Conversely, using the Clementine LWIR camera images, Lawson et al. (2000) found that the Lambertian temperature model is a fair approximation for nadir-looking temperatures, which is supported by Diviner . Note that none of previous studies imaged the entire lunar disk with a single exposure. The highresolution multiband images of GF-4 taken as single exposures provide a good opportunity to illuminate in detail the center-to-limb variability for both reflection and temperature. Figure 5 shows the radiance and brightness temperature as a function of local solar incidence angle. To avoid the effects of compositional variation, the profiles were carefully selected from compositionally homogeneous regions for both highlands 
where TSS is the temperature of the sub-solar point and b is a parameter to be fit.
For a Lambert sphere b is 1/4. The GF-4 satellite reveals that for highlands TSS and b are 372 and 1/6 for July 25 and 373 and 1/7 for July 28, and for maria TSS and b are 377 and 1/6 for July 25 and 373 and 1/12 for July 28. Note that the profile for maria for full
Moon varies more linearly as T=319.72+58.62 cosi. One of the reasons might be the difficulty in selecting compositionally homogeneous mare regions. Anyway, none of these profiles obey the Lambertian model. This indicates that the decrease of the brightness temperature when moving away from the sub-solar point is slower than would be described using a Lambertian model. This is due to topographic effects: at large solar incidence angle the sunward facing slopes enhanced thermal emission compared to a flat surface. The topographic effects become stronger as the solar incidence angle increases. Figure 5 shows that at solar incidence angle >60 o at full
Moon the average topography should be tilted toward the Sun by angles of ∼10 o relative to a horizontal surface. Lawson et al. (2001) found that as the phase angle increases the influence of surface roughness grow. However, the emission angle of Clementine is 0˚ and the phase angle is equal to the solar incidence angle. That is, the influence of the surface roughness as a function of phase angle derived from Clementine data is actually the solar incidence angle. The large variations of both solar incidence angle and emission angle across the whole lunar disk derived from GF-4 observations better illuminate the effects of surface roughness as a function of various geometries. Figure 5 shows that for both maria and highlands the temperature profile as a function of solar incidence angle at full Moon (small lunar phase) deviates more from the Lambertian model than that at large lunar phase (July 25), suggesting that the influence of surface roughness is stronger at small lunar phase rather than at large lunar phase. This is understandable.
Compared to large lunar phase, observations at full Moon have less shadow within the field of view and hence more enhanced thermal emission.
In summary, solar incidence angle dominates the thermal emission, but phase angle also has an influence. We further selected eight homogenous areas that were observed multiple times to strengthen the understanding of their variations as a function of observation geometry. These areas, two sub-camera points, three sub-solar points, Moon because they cover highlands and maria, low and high latitude, sub-camera and sub-solar points. As shown in Figure 6 , the brightness temperature reduces with increasing solar incidence angle, and when the solar incidence angle is <40 o the reduction is fast -closer to a Lambertian temperature model, and when the solar incidence angle is large the reduction is relatively slow. It confirms that at large incidence angle the topographic effect becomes more significant. The profiles of MS2, sub-solar point of July 25 and sub-solar point of July 30 show that although the full Moon almost has a phase angle closer to 0 o , the highest temperature still occurs at the smallest solar incidence angle. However, the temperature reduction of the full Moon is relatively small, which indicates the influence of phase angle. This is especially obvious when the difference of solar incidence is small. For example, for both Apollo 16 and CE-3 the highest temperatures occur at full Moon rather than at the smallest solar 
Summary
The Moon in the MIR exhibits many interesting phenomena which were 
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The instrument performance parameters of GF-4 Figure 6 . Brightness temperature versus local incidence angle for eight typical areas. The two sub-solar points of July 25 and 28 are from nearby homogeneous maria areas to avoid fresh craters which are the exact sub-solar points. Angles in the bracket are phase angles.
Appendix A The calibration and brightness temperature derivation
To acquire the brightness temperature map of the Moon using the GF-4 MIR band, we performed 1) an absolute radiometric calibration using the Moon as the source and 
where rb is the resampled spectra of GF-4 band, rλ is the original radiance spectra Figure 7 shows the calibration plot of GF-4 band 5 using the IIM and M 3 data.
Both calibration lines, which are mutually consistent, are linear with an R 2 of 0.98 and an uncertainty of ± 4.55% (1σ standard deviation). The observed radiance of the MIR band consists of a mixture of reflected sunlight and thermally emitted radiance. To calibrate the MIR band the following formula was used:
( , , , , ) = 0 ( )r( , , , ) + ε( , ) ( , )
where ( , , , , ) is the radiance, 0 ( ) is the solar irradiance corrected for the Sun-Moon distance, r( , , , ) is the bidirectional reflectance, ε( , ) is the directional emissivity, and ( , ) is the thermally emitted radiance of a blackbody at temperature T.
The bidirectional reflectance varies strongly with the illumination and observation geometry. Moreover, both the solar incidence angle and observation angle vary considerably across the lunar disk. Here, a novel method which need not consider angles was developed, taking benefit from the simultaneous imaging of all six bands. The basis of this method is to find a relationship between the reflectance in the MIR band and a VNIR band (e.g., band 5). Hence, the reflected sunlight radiance of the MIR band can be derived from the VNIR band. The directional hemispherical reflectance (DHR) spectra of lunar samples better obey Kirchhoff's laws than the bidirectional reflectance spectra. These spectra are from the Johns Hopkins University Spectral Library and the Relab at Brown University (http://www.planetary.brown.edu/relab/).
The DHR spectra were used to investigate the relation between the reflectance in the VNIR and MIR wavelengths. The spectra of the two datasets were resampled to GF-4 bands using Equ. (2) . Figure 8 shows that the reflectance relationship is linear between the NIR and MIR bands. Hence the reflected radiance of the MIR band can be derived. 0.82 for maria were derived from Kirchhoff's law and the corrected reflectance.
To model the temperature, a 1-dimensional thermal model was used as follows:
in which S is the solar constant, d is the Sun-Moon distance, A is the bolometric albedo, Figure 9 shows the calibration plot of GF-4 band 6. The calibration line is linear with R 2 of 0.98 and uncertainty ± 2.25% (1σ standard deviation). 
